Opto-87, Paper B 1 -P a l a i s d e s Congres -P a r i s -May 1987. C241 -Y . H . Meyer, 0. B e n o i s t d9Azy, M.M. M a r t i n , E. Br4hbret
bfETHODS OF CONTINUUM GENERATION
U l t r a f a s t spectroscopy , i n t h e f emto and picosecond domain, r e q u i r e s s i n g l e p u l s e s a t d i f f e r e n t wavelengths and/or a s p e c t r a l continuum of corresponding d u r a t i o n . Bas i c a l l y t h e same s imple technique is used t o g e n e r a t e t h e s o -c a l l e d nsuper-continuumn from ps or f s p u l s e s though t h e non-linear phenomena involved i n t h e g e n e r a t i o n of new frequencies a r e d i f f e r e n t C1,21. The l a s e r beams a r e focused i n a r e f r a c t i v e medium, such as high p r e s s u r e gas C31, l i q u i d , g l a s s or any non a b s o r b i n g m a t e r i a l . The spectrumof t h e o u t p u t l i g h t is found t o b e broad, more or l e s s cont.inuous when averaged over s e v e r a l s h o t s . The spectrum depends i n shape and i n t e n s i t y on t h e input p u l s e d u r a t i o n , i n t e n s i t y and waveform. T h e o r e t i c a l descr i p t i o n of t h e s p e c t r a l broadening C43 is s t i l l progressing C 1,51. With 50-100 femtosecond p u l s e s amplif ied t o high energy ( a 1 M), t h e continuum, e s s e n t i a l l y due t o self-phase modulation C21, is e a s i l y produced by Focusing i n a c e l l or i n a t h i n l i q u i d j e t , b u t t h e production of powerful femtosecond p u l s e s is much l e s s s t r a i g h t f o r w a r d , r e q u i r i n g expensive, d e l i c a t e and bulky equipment, w i t h t w o pump l a s e r s (one CW, one p u l s e d ) , s e v e r a l d y e l a s e r systems ( a c o l l i d i n g p u l s e modelocked r i n g l a s e r , s e v e r a l a m p l i f i e r s ) and e l e c t r o n i c synchronization between t h e d i f f e r e n t r e p e t i t i o n r a t e s [6,7 1. On t h e o t h e r hand, high energy picosecond l a s e r p u l s e s , t y p i c a l l y 10 m J and 20-40 ps, a r e more e a s i l y produced with one pulsed l a s e r b u t , when focused i n a long ("lOcm) c e l l , t h e y can generate o n l y a s t r o n g l y s t r u c t u r e d continuum, suggested t o be due t o a mixture of s e v e r a l nonl i n e a r processes C8,lOI such a s s t i m u l a t e d Raman, f our-photon parametr i c i n t e r a c t i o n , s e l f -phase modulation 18,103 e t c . . . S e l f focusing and
moving focus e f f e c t s c o n t r i b u t e t o t h e s t r o n g s p e c t r a l i n s t a b i l i t y observed which o r i g i n a t e s i n t h e low t r a n s v e r s e beam q u a l i t y of standard s o l i d s t a t e l a s e r s . Such a picosecond continuum is r o u t i n e l y used f o r picosecond spectroscopy C11,121 b u t r e q u i r e s s o p h i s t i c a t e d d e t e c t i o n e l e c t r o n i c s with a r e f e r e n c e measurement f o r each p u l s e .
Simple ways of generating a broad and s t a b l e continuum w i l l perhaps emerge from t h e s e v e r a l r e c e n t l y proposed new methods of producing picosecond and sub-picosecond pulses. These methods have i n common t h a t they use s h o r t dye c a v i t i e s and s t a r t from non-mode-lccked l a s e r p u l s e s , which is a n o t i c e a b l e s i m p l i f i c a t i o n and widens t h e choice of p o s s i b l e pump l a s e r s . They use t h e processes of c a v i t y t r a n s i e n t s C13-161, c a v i t y quenching C171, d i s t r i b u t e d feedback [la-201 or s p e c t r otemporal s e l e c t i o n (STS) 121-241. They can be used i n a cascade c o n f i g u r a t i o n C 15,19,211 w i t h success ive s t a g e s of p u l s e s h o r t e n i n g , separated by a m p l i f i e r s pumped by a f r a c t i o n of t h e same pump pulse. They can be combined i n a g r e a t v a r i e t y of ways. The STS method has t h e l a r g e s t e f f i c i e n c y i n p u l s e reduction; a time reduction of four o r d e r s of magnitude w i t h a two-stage scheme was demonstrated C221. Two methods were r e c e n t l y reported t o be a b l e t o produce subpicosecond p u l s e s : one uses a t h r ee-stage reduction process t 201, t h e o t h e r uses subp icosecond Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1987796 modulations from mode beating C231. They a r e of i n t e r e s t f o r t h e g e n e r a t ion of a very broad band continuum. W e r e p o r t below t h e product ion of powerful ps or subpicosecond p u l s e s , with or without f emtosecond modulation and t h e i r use f o r continuum g e n e r a t i o n from W t o IR.
2-PRODUCTION OF PICOSECOND PULSES, STARTING FROM AN STS DYE LASER.
. I . General prlnciple
The two-stage scheme used h e r e can reduce an i n i t i a l "10ns pump pulse by two o r d e r s of magnitude a t each s t a g e , i -e . down t o I p s or l e s s . After each s t a g e t h e shortened pulse is amplif f ed i n s a t u r a t e d multipass a m p l i f i e r s pumped with t h e 10 n s pulse. In t h e F i r s t s t a g e t h e spectrotemporal s e l e c t i o n (STS) method C221 is applied t o a s h o r t and low-Q c a v i t y t o o b t a i n a W 1 5 0 ps pulsebyselectingwavelengths i n t h e bluewing of its sweeping broadband emission. In t h e second s t a g e t h i s 150ps pulse pumps a microcavity f i l l e d w i t h another dye s o l u t i o n . The emission of t h i s second o s c i l l a t o r can be used i n two d i f f e r e n t ways. F i r s t , one can again use t h e STS method t o i s o l a t e t h e emission of a s i n g l e mode i n t h e b l u e wing of t h e mult imode emission, which produces a n e a r l y transformed l i m i t e d p u l s e of 1.5 or 4 ps w i t h c a v i t y l e n g t h s of 100 lun or 200 ~2 2 1 . The second way is t o amplify t h e t o t a l (multimode) emission, producing For example, f o r a 30 pm c a v i t y a two mode emission can be obtained g i v i n g p u l s e s modulated i n t o a 1 ps t r a i n of femtosecond p u l s e s . After a m p l i f i c a t i o n t o a few t e n t h s of m J t h e s e u l t r a s h o r t pulses can g e n e r a t e supercontinuum from W t o IR when focused i n any t r a n s p a r e n t medium. Mode spacing : 1 . 3 nm i n i t i a t e t h e l a s e r emission, w e l l cha:.acter ized by t h e l o n g i t u d i n a l mode p a t t e r n of t h e time i n t e g r a t e d specuum ( F i g . 3 ) . S i n g l e pass amplif i c a t i o n of more t h a n 103 means t h a t about 30 % of t h e dye molecules a r e i n t h e e x c i t e d s t a t e , with an average s t i m u l a t e d emission c r o s s s e c t i o n of "2.10-l6 cm2, and an average absorption c r o s s s e c t i o n , a t t h e same frequency, one order of magnitude s m a l l e r . The output p u l s e shape does not follow t h e pumping waveform, a s expected i n t h e c a s e of r e l a x a t i o n o s c i l l a t i o n s C131; a very s t r o n g i n i t i a l s p i k e occurs quasisimultaneously f o r a l l modes C221. The subsequent s p i k e s a r e much weaker and e x h i b i t apectro-temporal evolution C22,241. However it should be noted t h a t o t h e r damping processes, such as molecular o r i e n t a t i o n a l r e l a x a t i o n , w e r e n o t taken i n t o account i n t h e a n a l y s i s . Theymay enhance t h e r e l a t i v e magnitude of t h e f i r s t spike.
Nrst
The output p u l s e from t h e multimode microcavity can be used i n two ways: a ) A second spectro-temporal s e l e c t i o n i n t h e b l u e wing can g i v e a s i n g l e s p i k e p u l s e f o r &J s h o t s , w i t h a PWHM d u r a t i o n of l e a s t h a n 2,roundtr i p t i m e s , i .e. 4 pa w i t h a 200 j m c a v i t y , 1.5 ps w i t h a 100 pm c a v i t y . These p u l s e s can be amplified a s shown i n Pig.1. In t h i s case t h e f i l t e r used must n o t lengthen t h e p u l s e ( h i g h r e f l e c t i v i t y Fabry-Perot and g r a z i n g g r a t i n g s a r e excluded). In t h e s e experiments we used a ~J I I~ t h i c k Fabry-P e r o t with R=0.95 ( c a v i t y l i f e t i m e 0 . 4 p s ) , o r a s i n g l e pass g r a t i n g w i t h a s p o t diameter l e s s t h a n lmrn ( t r a n s v e r s e d e l a y < I p s ) .
b ) For a given d i s t a n c e between t h e pump focusing l e n s and t h e microcavity, and f o r apumpingof a b o u t 3 t o 4 t i m e s t h a t o f t h e t h r e s h o l d , an o u t p u t l a s e r p u l s e with only one s p i k e could be obtained with no
s p e c t r a l f i l t e r i n g f o r & of t h e 10 H z pump s h o t s , a s was shown by permanent sampling, a t 1 Hz, of t h e p u l s e shape w i t h a streak-camera ( f i g . 2b). The number of s t r o n g l y e x c i t e d modes depends mainly on t h e mode spacing and on t h e g a i n spectrum. With a = 30 pm long c a v i t y t h e mode spacing is measured t o be 3.5 nm, and with rhodamine 640 i n methanol a t c = 3 . 1 0 -~ M / 1 , o n l y one ( o r two) modes have a s t r o n g i n t e n s i t y , w i t h two (or one 
. 4 . Analysls of the multlmode pulse from a 30 pm cavity
The o u t p u t of t h e 30pm multimode microcavity is modulated a t 2.9 THz which corresponds t o t h e c a v i t y roundtr i p time T = 340fs. Phase information can be obtained by recording t h e cross-cor r e l a t ion t r a c e w i t h t h e standard non-collinear a u t o c o r r e l a t i o n device with a d d i t i o n of 
CONTINUUM GENERATION
By focusing t h e fs-modulated ps p u l s e i n a lcm c e l l of water a s t r o n g continuum is generated a s shown by t h e white l i g h t emerging from t h e c e l l observed with no f i l t e r . This l i g h t was collimated w i t h an achromat l e n s and its spectrum recorded w i t h a J a r r e l l Ash polychromator equipped with an S S R OMA. Pig.7 shows t h e spectrum from 350 t o 1100 run obtained with a 2 ps modulated p u l s e from a 100 jun c e l l . The spectrum averaged on 300 l a s e r s h o t s was recorded by s e c t i o n s of 300 nm. c e n t r a l p a r t of t h e continuum and t h e l a s e r l i n e . The t r a n s m i t t e d l a s e r l i n e through t h e 1 cm c e l l remains s t r o n g f o r p u l s e s longer than I p s . Comparison between t h e continuum generated by a s i n g l e mode p u l s e (no mode b e a t i n g ) and by a two-mode p u l s e with same t o t a l energy (THz mode b e a t i n g ) showed t h a t t h e i n t e n s i t y of t h e continuum is 2 t o 3 times s t r o n g e r with t h e modulated p u l s e , and does n o t e x h i b i t t h e a d d i t i o n a l broadened Raman-like bands obtained with t h e non modulated pulse. Fig.8 shows t h e c e n t r a l p a r t of t h e continuum a t t e n u a t e d by a D C 1 2 s o l u t i o n which reduces t h e l a s e r i n t e n s i t y by a f a c t o r -8. The main d i p i n t h e b l u e wing is due t o DCI2 absorption secondary maximum. Preliminary measur ements of t h e d u r a t i o n of t h e continuum pulse by c r o s s c o r r e l a t i o n w i t h t h e l a s e r pulse showed no c l e a r lengthening of t h e p u l s e d u r a t i o n . Measurement of t h e continuum p u l s e w i t h t h e s t r e a k camera showed no delay between t h e blue and red p a r t of t h e spectrum w i t h i n t h e camera r e s o l u t i o n of "Spa. When t h e l a s e r p u l s e focused i n water was d e l i b e r a t e l y m a d e (by over pumpingthemicrocavity) t o c o n s i s t i n a succession of s e v e r a l i r r e g u l a r s p i k e s of s i m i l a r i n t e n s i t y and
Pig. 8 E f f e c t of pulse modulation on t h e c e n t r a l p a r t of t h e continuum spectrum (normalized t o t h e t r a n s m i t t e d l a s e r i n t e n s i t y ) . a ) s i n g l e mode p u l s e a t 603 nm. b) modulated two mode pulse a t 603 and 607 nm.
